Background: Aortic valve regurgitation (AR) imposes a pathologic volume overload to the left
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Introduction:
Aerobic exercise has been proven beneficial for many patients with cardiac diseases. A sustained aerobic exercise training program can improve cardiac performance by several mechanisms.
Improvement of contractility, increased myocardial perfusion and angiogenesis, normalization of the sympathetic-parasympathetic balance, improvement of myocardial energetic metabolism, decreased oxidative stress, better myocardial calcium handling and improvement of peripheral arterial compliance are only a few of the reported benefits of exercise (2; 7; 11; 16; 18; 19) .
Although exercise can induce volume overload and cardiac hypertrophy by itself, this physiologic hypertrophy does not imply irreversible changes or fibrosis in the myocardium and is not considered deleterious (7) .
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Whereas several trials have reported positive effects of an exercise training program in subjects with ischemic heart disease (8) and heart failure (19) , little is known about the impact of exercise in patients with valve diseases, especially those causing chronic volume overload (17; 26) .
Chronic volume overload such as seen in severe aortic regurgitation (AR) causes a progressive dilatation and hypertrophy of the left ventricle (LV). Paralleling this remodeling LV function eventually decreases, symptoms appear and valve replacement surgery often becomes necessary.
There are virtually no published data about the impact of exercise in human subjects or in animal models of chronic aortic valve regurgitation or other models of LV volume overload. The impact of the combination of physiologic (exercise-induced) and pathologic (AR-induced) hypertrophic stimuli on the LV are unknown. Some fear that the combination of both volume overloads may have additive or even synergistic effects, cause worse LV dilation or even accelerate the evolution towards heart failure. This study was therefore designed to assess the effects of a 6-4 month aerobic training program on left ventricular remodeling in response to volume overload caused by chronic aortic valve regurgitation in a rat model of the disease. We hypothesized that training would not only be safe for AR animals but could improve their cardiovascular status. 
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Methods
Animals
PARAGRAPH NUMBER 4
Exercise protocol: Animals in the trained groups (ST and ART) were exercised 5 days a week for 6 months on a motorized treadmill with a slope of 10º. The duration and the intensity increased progressively over the weeks (first 14 weeks) until the animals were running for 30 min at a speed of 20 m/min for the last 10 weeks of training. Daily training also included an acclimatization period of 5 min at 10-12m/min then speed was increased progressively by 1m/min up to the maximal speed. This protocol was approved by the Université Laval's research animal protection committee and was consistent with the recommendations of the Canadian Council on Animal Care as well as to the ACSM animal care standards.
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Aortic regurgitation: Aortic regurgitation was induced by retrograde puncture of the aortic valve leaflets under 1.5% inhaled isoflurane anesthesia as previously described (1; 20; 23) . Sham animals (SS and ST) had only their right carotid artery exposed under anesthesia without any puncture of the aortic valve. Aortic regurgitation was considered severe by echocardiography by the following criteria at the time of surgery: color-Doppler ratio of regurgitant jet width to LVOT 5 diameter >50%, retrograde holo-diastolic flow in proximal descending aorta with end-diastolic velocity >18 cm/s, ratio of time-velocity integral of reversed diastolic flow to forward systolic flow in descending thoracic aorta >60% and acute increase in LV diastolic dimension during the surgical procedure. Echocardiographic criteria of AR severity had to be accompanied by an acute drop of aortic diastolic pressure of at least 30% to qualify. Animals not meeting the echographic and hemodynamic criteria were not included in the study. Animals were clinically evaluated daily by experienced animal laboratory technicians for the presence of signs of heart failure (increased respiratory rate/distress and/or peripheral edema) and were weighed weekly. At the end of the protocol, surviving animals were sacrificed, hearts were quickly dissected and all cardiac chambers were weighed as well as the lung and liver. Left ventricles were snap-frozen in liquid nitrogen and kept at -80 o C for further analysis.
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Echocardiography
A complete M-Mode, 2D and Doppler echocardiogram was performed on the animals under 1.5% inhaled isoflurane anesthesia using a 12 MHz probe with a Sonos 5500 echograph (Philips Medical Imaging, Andover, MA) immediately before and during surgery, after 2 weeks and after 6 months. The echocardiogram after 2 weeks was performed to quantify AR and baseline LV remodeling before starting the training program to ensure all animals still met the entry criteria.
Left ventricular dimensions, wall thickness, ejection fraction, diastolic function, cardiac output (ejection volume in the left ventricular outflow tract X heart rate) were evaluated as previously reported (5; 24). Aortic regurgitation was semi-quantified at each time-point as described in the previous section. Animals had to meet all the criteria of severe AR by semi-quantification at each time-point to remain included in the protocol. 6 
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Hemodynamic measurements:
Aortic, left ventricular pressures and dP/dt (positive and negative) were measured invasively using a dedicated catheter under 1.5% isoflurane anesthesia after 6 months (22) .
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Tissue analysis
Evaluation of LV fibrosis
Sections from paraffin-embedded mid-LV portions were stained using Trichrome-Masson coloration. Three sub-endocardial sections/slide were analyzed for the quantification of LV subendocardial fibrosis as a blue (fibrosis)/red (myocytes) ratio using a image analysis system (Image-Pro Plus, Version 4.5, Media Cybernetics, Silver Springs, MD). The sub-endocardial sections were defined as the inner third of the LV wall facing the LV cavity (21; 22) .
PARAGRAPH NUMBER 9
Analysis of mRNA accumulation by quantitative RT-PCR 
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Statistical analysis
Data are expressed as means ± SEM. A two-way ANOVA was used to evaluate the main and 
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Tissue weights: As also shown in table 2, the training program tended to induce a mild LV hypertrophy in normal animals (SS vs. ST; p=.07) while AR induced a more severe LV hypertrophy (SS vs. ARS). Severe left atrial (LA) dilation was present in the ARS group whereas this LA dilation was significantly less in the ART group. Right ventricle, lung and liver weights were unchanged by training in sham animals (not shown). In AR rats, lung weight was significantly smaller in trained animals compared to their sedentary counterparts ( Fig. 1 ).
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Hemodynamic measurements ( 
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Echocardiographic data (table 4) These results clearly show that ART animals developed less EDD and ESD dilation during exercise training and less LV mass gain compared to ARS.
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Other echographic parameters (table 4) Myocardial performance index or MPI (a composite index reflecting global systolic-diastolic performance) was the worst in the ARS group and was significantly different from the sham and ART groups.
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Tissue analysis:
LV fibrosis and extracellular matrix remodeling:We did not observe any significant differences between groups after 6 months in terms of LV fibrosis as estimated by Trichrome-Masson staining (not shown). The levels for the LV mRNAs encoding for collagens 1, 3, fibronectin, and
TGFβ were all significantly increased in the AR groups compared to sham animals but training had no impact on these levels ( Figure 3 ).
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β-adrenergic receptors:
The gene expression of both β 1 and β 2 adrenergic receptors in the LV were evaluated (Figure 4 ).
Messenger RNA expression of β 1 adrenergic receptors was lower in sedentary animals compared to trained ones. Aortic regurgitation significantly lowered β 1 adrenergic receptors gene expression in the LV but ART rats displayed similar levels compared to the SS group. Training increased β 2 receptor mRNA levels especially in the ART group.
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Myosin heavy chains (MHC) mRNA:
Both α and β myosin heavy chains (MHC) mRNA levels were also evaluated by real-time quantitative RT-PCR analysis. Both AR groups had slightly lower levels of αMHC gene expression (-16%; p<0.05). Higher levels of βMHC were observed in both AR groups compared to sham rats (+205%; p<0.0001). Training had no significant effect on this parameter.
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Discussion
This study reports for the first time that moderate aerobic exercise can be well tolerated in a model of chronic volume overload cardiomyopathy caused by severe AR and that this training program exerts beneficial effects on the LV. Exercise training had no negative impact.
Combining a physiologic (exercise) volume overload stimulus to a pathologic one (AR) did not result in any deleterious effect on the LV. The combination did not worsen LV dilation or hypertrophy. Contractility was unaffected by training (similar LVEF and dP/dt+). Improvements in parameters related to diastole and LV filling pressures were seen in the trained AR group when compared to the sedentary AR group (improved E wave slope, dP/dt-, LA hypertrophy, lung weight and LVEDP). Physiologic left ventricular hypertrophy induced by chronic aerobic exercise is an accepted phenomenon and has been well described in what has been called the "athlete's heart" for many years (3). This type of LV hypertrophy macroscopically resembles the type of hypertrophy seen in volume overload diseases. However, physiologic hypertrophy is not associated with chronic irreversible myocardial alterations such as scarring, fibrosis or induction of apoptosis or necrosis (7). Exercise-induced hypertrophy does not result in the activation of usually inactive fetal genes. Cessation of exercise training results in a complete resolution of the morphological changes. Pathologic hypertrophy usually induces some irreversible changes with zones of fibrosis, cell death and some abnormal fetal gene activation (6) .
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The resulting impact of combining both physiologic (exercise) and pathologic (volume overload) 
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There are multiple training algorithms that can be used in rats, some of them being much more intense than the protocol we chose. We voluntarily chose a moderate training protocol considering that our animals with AR already suffered from a significant hemodynamic stress.
Moreover, if we make a parallel with humans, competitive intense aerobic training will never be considered acceptable and safe in subjects with severe AR and dilated ventricles. However, a 13 moderate daily non-competitive training might be. This is the type of training we wanted to investigate. Although the exercise training program we chose for our animals was only moderate, it had significant physiologic effects as shown by the increase in muscular mass, increase in cardiac output and mild LV dilation and hypertrophy in the trained sham animals (ST) when compared to the sedentary sham group (SS).
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Our study suggests not only that regular aerobic training might be safe but also that it may be beneficial to hearts suffering from chronic volume overload from aortic valve regurgitation.
Macroscopically, the left ventricle, left atrium and lung were all smaller in trained versus sedentary AR animals after 6 months. Left ventricular hypertrophy was limited by training.
Systolic function was unaltered as shown by the similar and normal ejection fractions (>70%)
and dP/dt+ in trained and sedentary AR animals.
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It is important to acknowledge that our animal model is not a model of heart failure. Aerobic training had a positive impact on the diastolic properties of the ventricle as shown by the higher dP/dt-, decreased Doppler E wave slope, improved MPI, smaller left atria and lung weight in the trained AR group in comparison to the sedentary AR animals. Cardiac output remained comparably high in both AR groups. Exercise did not reduce the total volume overload (preload) burden to the heart. However, a tendency to lower systolic blood pressure and increased β2 adrenergic receptor expression suggest that exercise might have a positive impact by decreasing afterload and improving arterial compliance. Further studies need to be done to explore more thoroughly this aspect of the disease and the impact of exercise. Unfortunately, our protocol was underpowered to detect significant differences on that aspect and therefore the impact of training 14 on the peripheral vasculature in the context of volume overload will need to be assessed in upcoming protocols.
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Knowing that the relative expression of α and β myosin heavy chains (MHC) is altered by both exercise and volume overload (12; 22), we evaluated the mRNA expression of both isoforms of MHC in our rats. It has been previously reported in animal models of physiologic hypertrophy that aerobic exercise tends to increase αMHC and decrease βMHC expression (25) . Volume and pressure overload induces pathologic hypertrophy and mainly results in the opposite variations in MHC expression (decrease in αMHC and increase in βMHC)(9; 10; 12; 15). In our study, αMHC expression was not significantly affected although it tended to be slightly lower in both ARS and ART groups compared to the shams (not significant statistically). Beta-MHC expression was however significantly increased in AR compared to shams. Exercise training had not statistically significant impact on βMHC expression although we found significant inter-individual variability in this parameter. The overall α/β MHC ratio was significantly lower in both AR groups versus shams and this ratio was unaffected by training. It can be concluded that exercise stimuli were not strong enough to counteract the increase in βMHC induced by AR. Overall and most importantly, cardiac contractility remained relatively normal in both AR groups with LV ejection fractions above 70% and normal dP/dt+. The double overload (physiologic and pathologic) did not induce or unmask any contractile dysfunction.
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Another previously reported beneficial effect of exercise in heart disease is the improvement of adrenergic over-activation (4; 13; 27). We therefore evaluated the expression of β 1 and β 2 adrenergic receptors (βAR) in our animals. β 1 AR expression was significantly lower in ARS 15 whereas it remained normal in the ART group. β 2 AR expression was increased in ART compared to the three other groups. Exercise therefore seems to exert a beneficial effect on both β  and β2 adrenergic receptor mRNA expressions in AR. We have previously shown that the adrenergic system is over-activated in chronic AR in rats and that blocking this system exerts a protective effect by decreasing LV hypertrophy and dilation. Exercise may have acted in the same manner by decreasing the adrenergic over-activation and adrenergic receptor down-regulation as suggested by the results of adrenergic receptor mRNA expression. This hypothesis deserves further investigations.
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Limitations of the study:
All animal studies must be analyzed in view of some limitations. Rodent cardiovascular physiology differs from humans on many aspects. However, we have previously shown that this animal model of AR shares many similarities with the human disease (1, 5, (20) (21) (22) (23) (24) . Exercise was started rather early in the evolution of AR and it is not known if the results would have been similar if exercise had been started in animals suffering from AR for a longer period. The precise role of β2 adrenergic receptor modulation remains speculative at this time and the possible impact on peripheral arterial compliance remains to be confirmed. This study was clearly underpowered to assess survival and other protocols will have to be undertaken on larger cohorts to answer those questions.
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Conclusion:
The analysis of the combined effects of two hypertrophic stimuli (one physiologic, one pathologic) is a complex task. Many factors are involved and it is difficult to evaluate the precise 16 mechanisms which have predominant effects over the others. Our data however point towards a clear picture: aerobic exercise was beneficial in rats with severe AR. The trained rats developed less left ventricular and left atrial hypertrophy after 6 months. Systolic function remained in normal range and was not altered by the combination of both hypertrophic stimuli and some diastolic filling parameters were clearly improved by exercise. β-adrenergic receptors mRNA expression was also improved by exercise. We acknowledge that many questions remain unanswered and deserve further investigation. However, our findings are reassuring and suggest that aerobic exercise might be an effective measure to protect the heart against chronic volume overload such as seen in aortic valve regurgitation.
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